ABSTRACT Five hundred broiler males were grown to 56 d and processed under common terms. Front halves were deboned 24 h postmortem to obtain breast fillets, and CIELAB light reflectance was measured on the skin side of each fillet 24 h later. All fillets were bagged and frozen (−20°C) for 5 mo. Then the fillets exhibiting the lowest (dark), median (normal), and highest (pale) L* values 48 h postmortem were thawed (3 d at 4°C) and
INTRODUCTION
One of the most important problems in the poultry processing industry is the development of the pale, soft, and exudative (PSE)-like condition. Pale, soft, and exudative-like meat is caused by a rapid decrease in pH early postmortem when carcass temperatures are still elevated. The combination of decreased pH and elevated temperature results in protein denaturation, which can lead to low water-holding capacity, pale color, and soft texture. It can cause problems during cooking by increasing water losses, resulting in increased yield loses, poor meat binding and, dry, soft texture.
Evidence shows that a strong negative correlation exists between poultry breast muscle lightness (L*), pH, and water-holding capacity (Barbut, 1993 (Barbut, , 1996 McCurdy et al., 1996; Allen et al., 1997 Allen et al., , 1998 Liu and Van Laack, 1998; Fletcher, 1999; Le Bihan-Duval et al., 1999) . In fact, drip and cooking losses have been reported to be higher when L* increases (Allen et al., 1998; Owens et al., 2000; Woelfel et al., 2002) . Woelfel et al. (2002) suggested that L* value may be a better predictive tool than pH for sorting fillets for potential functionality. 2093 cooked (internal temperature 80°C). Thawing reduced the L* value in the pale fillets and increased it in the dark ones, and cooking further increased L* value and reduced the differences in L*, a*, and b* between groups. Thawing and cooking losses were not affected by initial L* value until they were combined. Total losses increased with initial L*, which was in parallel with a lower increase in thickness after cooking.
A high proportion of breast meat is commercialized in frozen form, and it has to go through thawing and cooking before consumption. Although the relationship between L* and water losses during cooking has been established, the alterations to breast meat during freezing and thawing have received little attention.
Thus, the objective of the present work was to recover breast fillets from an entire population of broiler males having a controlled background, and use those fillets having median and extreme L* values for evaluation of changes with freeze-thawing and cooking.
MATERIALS AND METHODS
Five hundred broiler males (Ross × Ross 308) were raised to 8 wk of age under common feed and management. At 56 d of age, the broilers were processed and carcasses were maintained at 4°C for 24 h. At that point, breast fillets (pectoralis major) were removed for experimentation. Light reflectance (CIE L*a*b* scale) was measured 24 h later (48 h postmortem) on fillets originating from the right side of each carcass using a Miniscan XE 4 using illuminant D65 and standard 10°observer. All readings were taken at the center of the muscle surface that had been adjacent to the skin. The fillets were then placed in plastic bags and frozen (−20°C). The fillets were sorted depending on L* value, and after 5 mo of frozen storage, those having the highest (pale), lowest (dark), and median (normal) L* values relative to the total population (33 fillets per category) were selected for experimentation.
Abbreviation Key: PSE = pale, soft, and exudative. Those fillets were individually weighed, wrapped in paper towels, placed inside plastic bags, and allowed to thaw for 3 d at 4°C in a walk-in refrigerator. Each thawed fillet was subsequently weighed, its maximum length, width, and thickness determined, and light reflectance measured at the same location. Thawed fillets were cooked in a convection oven preheated at 163°C, until the internal temperature was 80°C, as measured by indwelling thermocouples, and cooking time was recorded. Cooked fillets were allowed to cool for 45 min before weight, dimensions, and color were measured again. For the cooked meat color determination, approximately onethird of the thickness of the fillet was removed from the skin side to expose an area of meat free from cookingrelated discoloration. Fillets were then freeze-dried to obtain the residual free water content. The same person conducted respective measurements at each stage of experimentation. Thawing and total losses were calculated as the percentage of weight difference of the thaw and cooked fillets from the raw weight, respectively. Cooking losses were calculated as the percentage of weight difference between the cooked weight and the thaw weight.
Data regarding weight and light reflectance measurements on raw, thawed, and cooked samples, and dimensions in thawed and cooked samples were analyzed as repeated measures using the MIXED procedure of SAS Values within columns for each factor without common superscript are significantly different (P ≤ 0.05).
1 Each value is represented by measurements on 33 fillets from each L* category when raw. *P ≤ 0.05, ***P ≤ 0.001. (SAS Institute, 2001 ). Thawing, cooking, and total losses as well as change in dimensions were evaluated by AN-OVA in a completely randomized design. Mean separation procedure was performed by orthogonal polynomial techniques. Pearson's correlation coefficients and probabilities were generated using the Correlation procedures of SAS (SAS Institute, 2001 ).
RESULTS AND DISCUSSION

Description of the Population of Fillets Used
The fillets originating from a population of 500 male broilers had a mean weight and standard error of 672 ± 3.1g, which represents 24.7 ± 0.07% of carcass weight. Mean light reflectance values were as follows: L* = 62.9 ± 0.52; a* (redness) = 22 ± 0.27 and b* (yellowness) = 15.6 ± 0.44.
A normal distribution of L* values existed with the entire population of fillets that were common in strain source, sex, terms of production, and conditions of processing. The values found in this study were sensibly higher than those published by other authors using the same CIE L*a*b* scale. Those differences may be due to the time of reading (hours postmortem), differences in the illuminant and observer used in the spectrocolori- meter, or age of the birds (Abeni and Bergoglio, 2001; Petracci and Fletcher, 2002) . Moreover, most reported studies perform light reflectance readings on the boneside of the breast fillet, whereas in our study it was performed on the skin-side surface of the muscle. Unpublished results from previous experimentation has shown that L* is higher by an average of 5 units on the skin-side than on the bone-side of the breast fillet. Despite the fact that the absolute mean values of the population in our study are 7.7 L* units higher than those reported by Wilkins et al. (2000) (62.9 vs. 55.2), the range found between the palest and the darkest fillet in both studies is comparable (21.5 vs. 22.3). After sorting all fillets according to L* value, the fillets (33 in each category) having the median and extreme low and high values led to fillets with maximal differences in L* values uncomplicated by background (Table 1) . These fillets were used to examine the significance of L* to changes associated with freezing, thawing, and cooking. L* values were clearly different between the 3 categories, with a difference of 11.6 L* units between the mean of the pale and dark groups, which gave us enough difference to study the relationship of meat color with the changes that occur during freeze-thawing. Unavoidably, the variation in L*, a*, and b* was more extensive in the dark and pale categories than in the median category. Thawing plus cooking losses from raw state. *P ≤ 0.05.
Changes During Freeze-Thawing and Cooking
Light Reflectance. Light reflectance is an easy procedure to perform and L* value is commonly used to detect fillets having a PSE-like problem. Thawing caused a reduction in L* values of pale and an increase in dark fillets, but did not modify L* values of normal fillets (Table 2 ). An increase in a* and b* was observed after thawing. Whereas the increase in b* was independent of the L* category, the increase in a* was lower for the pale than for the dark fillets. Cooking led to a further increase in L* with all fillets from the thawed state that was, again, higher as the original L* decreases. Thus, the overall effect of freeze-thawing and cooking was an increase in L* values that was inversely proportional to the initial L* value of the breast meat 48 h postmortem. A reduction in a* values was observed after cooking, being more acute in the dark fillets than in the pale and normal ones. On the contrary, reduction in b* during cooking was higher as the initial L* value increases. Thus, while the net effect of freeze-thawing and cooking on a* and b* are opposed (a* is reduced and b* increased), the magnitude of both changes is higher in the dark fillets than in the pale ones. However, the effect of thawing on light reflectance parameters was much less than the effect of cooking. Little Values within a column without common superscript are significantly different (P ≤ 0.05).
1
Each value is represented by measurements on 33 fillets from each L* category. *P ≤ 0.05.
information exists on fillet L* values beyond the fresh state. Lyon et al. (1976) did not observe differences in Hunter L values of fillets between samples kept fresh and those frozen 6 d then thawed at 2°C overnight. In the present study, subsamples at 48 h postmortem having L* values in the median group did not change from fresh values with freezing and thawing. Overall, research generally supports that L* values of fillets increase through the first 24 h postmortem with little change thereafter; however, samples involved random representatives from a population (McCurdy et al., 1996; Qiao et al., 2002) . Cooking is known to greatly increase fillet L* values (Yang and Chen, 1993; Lyon et al., 1998 Lyon et al., , 2003 Fletcher et al., 2000; Claus et al., 2001 ). Le Bihan-Duval et al. (1999) also described an increase in a* and b* values in breast meat stored for 3 d at 4°C. The net effect of freezing, thawing, and cooking was to reduce difference in L*, a*, and b* values between extremes within the whole population, which agrees with the results of Fletcher et al. (2000) . The discoloration observed after thawing and cooking may be related to the breakdown of metmyoglobin and sulfomyoglobin into small molecules, probably due to the action of specific enzymes, which are released from the frozen meats and activated during thawing (Liu and Chen, 2001) . Raw meat color values resulted in highly significant positive correlations with all of the corresponding thawed and cooked meat color values (Table 3) . Correlation coefficients between raw and thaw L*, a*, and b* values were in the range of 0.76 to 0.79, and were higher than those between raw-cook, which ranged from 0.50 to 0.70, and thaw-cook, with values between 0.44 and 0.63. Those results are in accordance with the work of Fletcher et al. (2000) . Weight. Weights of fillets after removal from the carcass as well as after thawing and cooking were similar, regardless of their initial L* value (Table 4) . Thawing losses from the frozen state (∼10%) and cooking losses from thawed state (∼26%) were extensive, but influence of their fresh L* value was small and not statistically significant until both were combined (total loss). Thus, total weight loss from frozen to cooked state was higher for the pale fillets than for the dark fillets. Pearson's correlation coefficient (r = 0.27, P ≤ 0.01) confirmed that total losses increased with fresh L* values. Thawed fillet L* value was also correlated to total losses (r = 0.214, P ≤ 0.05), and other positive correlations were observed between b* value of thawed fillets and cook loss (r = 0.253, P ≤ 0.01) and total loss (r = 0.248, P ≤ 0.01). Correlations between fresh L* values and water losses during storage and cooking of broiler breast fillets have been well established (Allen et al., 1998; Le Bihan-Duval et al., 1999; Polidori et al., 2000; Woelfel et al., 2002) . No other reports have been found that show correlations between weight losses and b* value. In practice, considerable variation exists for thawing and cooking losses, and values from 1.7 to 18.5% and from 12 to 39%, respectively, are possible, depending on the conditions of the process (Khan and Van den Berg, 1967; Crigler and Dawson, 1968; Cunningham and Lee, 1975; Prusa and Lonergan, 1987; Jakubowska et al., 1997; O'Neill et al., 1998; Northcutt et al., 2001; Woelfel and Sams, 2001) .
Lyophilization was performed on cooked fillets to measure residual water content, and no differences could be detected (grand mean = 64.5%, 0.05) between L* value categories. Similarly, the time needed to achieve 80°C internal temperature during cooking was not altered (grand mean = 38.9 min, 0.05), regardless of the initial L* value.
These results and those mentioned above confirm the relationship between breast meat L* and its water-holding capacity (measured by the water losses during freezethawing and cooking). In our experiment, total losses were higher for the pale fillets than for the dark ones. Similarly, Allen et al. (1998) and Woelfel et al. (2002) found that drip and cooking losses of broiler breast meat were higher for those fillets that were pale than for those classified as dark. Woelfel and Sams (2001) reported that pale unmarinated fillets had higher expressible moisture and cook loss than normal marinated fillets. In turkeys, Barbut (1993) found a 9% difference in cooking loss between breast fillets having very light (53.6) or very dark (41.1) L* values 24 h postmortem.
Dimensions (Thaw Vs. Cooked). The fillet represents a muscle composed entirely of fast glycolytic fibers oriented in one direction, and the extensive losses from cooking are expected to alter its dimensions (Table 5) . No differences were observed in thawed fillet dimensions, regardless of L* value. However, cooking significantly reduced length (51 mm, 24.5%) and width (17 mm, 15.2%) independently of L* value, whereas thickness increased in a manner that was minimal with pale fillets. Presumably, increased preparation losses associated with pale fillets is compensated by reduced thickness given equivalent moisture content. In fact, positive correlations were found between variation in width and cooking and total losses (r = 0.240 and r = 0.296, respectively, P ≤ 0.05) and thickness and cooking and total losses (r = 0.231 and r = 0.222, respectively, P ≤ 0.05). Regarding the magnitude of the changes, very little data is available. Lyon et al. (1997) observed a 22% reduction in length and 15% reduction in width of broiler breast meat that had been immersed in water at 85°C for 30 min, and Papa and Lyon (1989) noted a reduction of 24.3% in length after oven cooking. Neither report mentioned change in thickness.
In conclusion, variation in broiler breast meat color 48 h postmortem can be used as an indicator of differences in meat quality properties. The fillets having the highest L* values 48 h postmortem within a population suffer higher total water losses associated with thawing and cooking compared with the dark ones. However, the change in dimensions seems not to be affected by the initial color of the sample, with the exception of thickness. Therefore, implementing in-line measurement of fillet L* may be advantageous to sort the fillets according to appropriate use.
